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Abstract: This article aims to list the main sustainable practices developed in the 
processes of metal forming, casting, heat treatment, welding and electrostatic 
painting. When analysed the literature about sustainable manufacturing, a 
predominance of studies about machining is observed and the processes 
mentioned are few explored in academic studies. The research strategy used to 
reach the objective was systematic literature review, conducted for each process 
cited. Many sustainable practices were identified with prominence of better 
materials use and energy efficiency. The authors of this article believe that the 
information presented here can be useful for researches in their future studies and 
for industry professionals interested in improving manufacturing processes. 
Keywords: Sustainability; Manufacturing Processes; Literature Review. 
 
1. Introduction 
There are many definitions for the term “sustainable development”. A widely used 
definition is presented in the report “Our Common Future” published in the 1980s. 
According to the mentioned document, sustainable development is: “meeting the needs 
of the present without compromising the ability of future generations to meet their own 
needs” (Brundtland 1987, p. 16). In this sense, United Nations (UN), established 17 
Sustainable Development Goals (SDG) in order to propose guidelines to be followed. 
Within these goals, sustainable manufacturing is focused through the ninth goal: 
“Industries, innovation and infrastructure”, in which the relevance of manufacturing for 
sustainable development is emphasized (UN 2015). This importance is highlighted by 
several researchers (Subramanian et al. 2014; Shubham et al. 2018; Toke and Kalpande 
2018). 
When focused on business context, the Corporate Social Responsibility concept 
stands out. It can be characterized as “the company's commitment to minimize or 
eliminate any damages and maximize it long-term beneficial impact on society” 
(Badurdeen and Jawahir 2017, p. 47). In a study performed by Nielsen (2013), it was 
concluded that 50% of clients interviewed accept higher prices for products and services 
when the companies are concerned with sustainable aspects. The development of 
manufacturing processes in according to Cleaner Production is an important 
requirement for companies to reach competitiveness and it has gaining an increasing 
importance (Ingarao et al. 2015; Kim et al. 2015; Singh and Madan 2016; Valase and 
Raut 2019). According to the definition proposed by UNEP (United Nations 
Environment Programme), Cleaner Production is “The continuous application of an 
integrated environmental strategy to processes, products and services to increase 
efficiency and reduce risks to humans and the environment” (UNEP 1990). In this 
sense, Cleaner Production can be an important ally of Industrial Ecology, which aims to 
understand “the circulation of materials and energy flows” (Saavedra et al. 2018, p. 
1514). Both concepts are important to insert sustainability in industries and, 
consequently, consider environmental impacts from production to final disposal of the 
products. 
Many factors motivate the development of sustainability in industries: increase 
of the raw materials prices; compliance with environmental laws; costumers 
requirements; concern with the environmental damages caused by the manufacturing; 
energy efficiency; and use of clean energy sources (Hauschild et al. 2005). 
Sustainability, in its essence, is composed by three fundamental aspects: economic, 
environmental and social (Granatstein and Kupferman 2008). Through these pillars, 
companies can improve their industrial processes and consider impacts of the whole life 
cycle of their industrial operations, using tools such as Life Cycle Assessment (Bartocci 
Liboni and Oranges Cezarino 2014; Esquer et al. 2015).  
When analysed the literature, the majority of the studies performed about 
sustainable manufacturing focus the machining processes. Processes as metal forming, 
casting, heat treatment, welding and electrostatic painting do not have the same 
emphasis attributed to the machining processes and, for this reason, we decided to study 
the five processes mentioned. The idea is to expand the debates related to sustainable 
manufacturing. Some considerations about the five manufacturing processes mentioned 
will be presented below. 
According to Ingarao et al. (2011) and Li et al. (2017), the metal forming 
processes can be more sustainable through the analysis of following points: energy 
consumption, amount of material used in the process, emission of greenhouse gases 
generated by the energy source used, analysis of the sustainable lubricants, calculation 
of the appropriate temperature to perform the process, among other points. The study of 
the light materials conformation also should be considered in a sustainable perspective. 
The best conditions of the light materials conformability allow a better energy 
efficiency (Neugebauer et al. 2006).  
The casting, a process widely used in the industry, has ample possibilities for 
sustainable improvements and it is a field few explored by academic research in a 
sustainable perspective. The impacts generated by the casting process occur in both 
environmental and social aspects. In the environmental aspect, the waste generated by 
the process can contaminate groundwater and soil (Krishnaraj 2015). From the social 
point of view, casting process can cause damage to the workers’ health (Georgiadis and 
Kyrtopoulos 1999). Given the importance of casting process to the industry, it is 
necessary to define practices to minimize the impacts generated (Neto et al. 2009). 
The process of heat treatment also have been receiving few attention when 
considerate the sustainable perspective (de Souza et al. 2009). In a few hours, this 
process consume large amount of energy due to the high temperatures (Källén 2012). 
This high consume provides many opportunities for improvements towards 
sustainability. Modeling and simulation techniques are widely used to improve this 
process (de Souza et al. 2009). Other techniques that can be used to improve sustainable 
aspects are heat recovery, use of laser diodes and optimization of the furnace 
atmosphere (Berg 2014; Sonawane and Gunjal 2014; Arulrajah et al. 2017). 
The electrostatic painting is a surface coating process more sophisticated than 
traditional processes. The electrostatic field forms between the part and the paint allow 
the process. There are many possibilities for improvement this process in a sustainable 
point of view. Poozesh et al.  (2018) argues that there is a lot of waste in the process, 
since only 60% of the ink particles are attracted. According to Kellens et al. (2015), 
there are also improvements opportunities related to energy efficiency, reuse of water 
from cooling process and in ergonomic issues. 
Finally, we present some considerations about welding process. According to 
Vimal et al. (2015), different sustainable practices are gaining more visibility in the 
process mentioned. A detailed analysis of the welding process allow to identify issues 
related to energy efficiency, environmental impacts (Sharma et al. 2015) and aspects 
related to operator health (Antonini 2003). 
In this mentioned context, this article aims to answer the following question: 
When focused the processes of metal forming, casting, electrostatic painting, heat 
treatment and welding, what are the main sustainable practices performed? We decided 
to use a systematic literature review for each process to reach the answer to the 
question. 
Besides this introduction, there are has four other sections. Section 2 is 
composed by the theoretical background in which concepts related to sustainability and 
sustainable manufacturing are presented. Section 3 reports the methodological 
procedures used. Section 4 shows the results, synthetizing the main sustainable practices 
for each process studied. Finally, section 5 present the final conclusions about the 
research. References used are listed at the end. 
2. Theoretical Background 
2.1 Sustainability and Sustainable Manufacturing  
The reconciliation between economic growth and sustainability is one of the main 
challenges experienced by companies nowadays. Sustainability, in its essence, is 
composed by three fundamental aspects (economic, environmental and social) and 
demands from organizations a greater commitment in the search for a better world 
(Granatstein and Kupferman 2008; Bartocci Liboni and Oranges Cezarino 2014). For 
Pusavec et al. (2010), the manufacturing sector can greatly contribute to the 
achievement of this last objective, since over the decades it has been one of those 
responsible for the excessive consumption of planet’s resources and for the generation 
of wastes (Beekaroo et al. 2019). 
  Focusing specifically on the manufacturing sector, there is an increasingly 
interest of companies regarding sustainable practices that provide less resource use, 
lower energy consumption and, consequently, greater efficiency from the point of view 
of cleaner production (Rauch et al. 2015; Badurdeen and Jawahir 2017; Latif et al. 
2017; Akbar and Irohara 2018). In fact, the concept of cleaner production is directly 
associated with sustainable manufacturing (Matos et al. 2018).  
Haapala et al. (2013) and Rauch et al. (2015) argue that the interest of 
companies for sustainable issues is derived from the pressure exerted by society in 
recent decades and that significant progress has already been achieved. For Latif et al. 
(2017), the survival of manufacturing industry in the world in the coming decades will 
depend greatly on how it will continue to adopt the concepts of sustainability. Paul et al. 
(2014) highlight that the sustainable operations are an essential strategy for 
manufacturing companies. 
To define sustainable manufacturing, it is necessary to define a priori the term 
manufacturing. Manufacturing is defined by the US government as “establishments 
engaged in the mechanical, physical, or chemical transformation of materials, 
substances, or components into new products” (U.S. Bureau of Labor Statistics 2019). 
Sustainable manufacturing, in its turn, may be defined as the development of processes 
and products with a lower negative impact on environment and society (Akbar and 
Irohara 2018). Indeed, Haapala et al. (2013), in their study, highlight this last point, 
arguing that sustainable manufacturing goes far beyond simply analyzing and 
modifying environmental performance. For these authors, sustainable manufacturing 
should be understood as a philosophy that seeks to integrate human, natural and 
ecological systems in the same way as possible in the same way as possible. Beekaroo 
et al. (2019) corroborate this point of view and argue that sustainable manufacturing 
must always perform as a process of continuous improvement. In this sense, for 
Moldavska and Welo (2019), the concepts of sustainable manufacturing can greatly 
contribute to the achievement of the 17 objectives defined by the UN in 2015, especially 
in relation to those related to conscious production and consumption. 
Badurdeen and Jawahir (2017) believe that sustainable manufacturing must 
encompass all stages of production, from product development to products’ discard. For 
the same authors, the previous phases should always be analyzed critically in relation to 
reduction, reuse, recycling, recovery, redesign and remanufacturing. This position is 
corroborated by Paul et al. (2014) in their researches.  
Haapala et al. (2013) stress that despite the advances made, many challenges and 
opportunities remain for manufacturing to become fully sustainable. These authors 
present challenges and opportunities in four categories: manufacturing processes and 
equipment, production systems, modifications in lifecycle patterns, and training of new 
professionals. Regarding the first category, the authors envision chances in creating new 
technologies and new knowledge that can further increase process efficiency and 
minimize negative impacts to workers, local and global communities. Regarding 
manufacturing systems, they argue the need to make concepts of sustainability go 
beyond the aspects of resource consumption, waste production and environmental 
impacts. For the authors, the question of sustainability must also be included in 
decision-making activities, such as planning and controlling production, selecting 
suppliers, etc. From the point of view of paradigm shifts, the authors suggest that 
sustainable manufacturing may require new business models with higher operating 
costs, due to the application of concepts such as reverse logistics, for example. This will 
require a thorough review of manufacturing concepts crystallized for many years. In 
terms of education, the training of new professionals should take into account the 
aspects of sustainable manufacturing and, for Haapala et al. (2013), not all professors 
are prepared for it. 
Analyzing academic literature, it is also possible to identify some difficulties 
related to implementation of sustainable practices in manufacturing processes. 
Examples of these difficulties are:  
a) lack of interest of top management in relation to the implantation of 
sustainable techniques in the manufacturing processes (Mittal and Sangwan 
2014): to obtain satisfactory results from sustainable techniques 
implementation, it is necessary dedication and persistent. Therefore, the 
support from top management is essencial;  
b)  difficulty in justifying investments related to sustainable issues (mainly in 
relation to the calculation of return on investments) (Bey et al. 2013): it is 
not always possible to clearly define when results can be achieved from a 
sustainable perspective, since there are many variables involved in the 
process, some of which are external to the company. Thus, the calculation of 
return on investments becomes more complex;  
c) difficulty in adapting existing equipment from a technical point of view for 
sustainable purposes (Seliger 2007; Mittal and Sangwan 2014): it is common 
to see in the manufacturing park of many companies old equipment that does 
not allow adjustments for sustainability;  
d) difficulty in correctly defining metrics to assess sustainable aspects (Mittal 
and Sangwan 2014; Rossi et al. 2016): measuring sustainability-related 
aspects often requires externalities analysis, making the definition of metrics 
complex; 
e) lack of customer requirements for sustainability aspects (Bey et al. 2013; 
Rossi et al. 2016): although the concept of sustainability is widespread, 
many companies still do not value it; then, they do not place it as a 
requirement in their purchasing process. 
 
Akbar and Irohara (2018) cite in their work Garetti and Taisch (2012) which 
point out to emerging research topics related to sustainable manufacturing. Examples of 
these topics include: discussions on new sustainable business models, efficient and 
sustainable organization of supply chains, new product development and life cycle 
analysis for sustainable gains, reduced use of scarce resources, more efficient use of 
energy in manufacturing processes, development of more efficient processes and new 
technologies, risk management associated with sustainability, ethics in manufacturing, 
among others. 
Moldavska and Welo (2019) cite other research gaps in relation to the topic of 
sustainable manufacturing, such as the proposal of adequate indicators to measure 
industrial sustainability in general and not only with focus on environmental issues, 
models that allow an evaluation of sustainable manufacturing in a more scientific and 
less subjective way, ways of measuring the negative impacts generated by 
manufacturing in the social dimension, among others. 
Through the above, it is possible to observe the importance of sustainability for 
the growth of the manufacturing sector and as there are still many research gaps 
plausible to be explored by the academic community. In literature review on sustainable 
practices applicable to the processes of metal forming, casting, electrostatic painting, 
heat treatment and welding, this article intends to contribute to the debate associated to 
the theme of sustainable manufacture.   
2.2 Definition and characteristics of the manufacturing processes studied 
2.2.1 Metal forming 
There are many ways to classify the metal forming processes. One of the most usual 
classifications is according to the predominant effort. Following this classification, there 
are the processes of (a) direct compression forming; (b) indirect compression forming; 
(c) tensile conformation; (d) sher conformation; and (e) flexural conformation (Filho et 
al. 2011). 
The metal forming processes are also evaluated according to the working 
temperature. The working temperature is considered cold when it is lower than the 
recrystallization temperature, otherwise hot work (Callister and Rethwisch 2009). 
According to Filho et al. (2011), the main metal forging processes are: rolling, 
extrusion, drawing, forging and stamping. 
 
2.2.2 Casting 
Currently there are many types of casting processes. They are differentiated by the type 
of material used in the mold (permanent or collapsible), by the pressure and by the force 
required to completely fill the mold. The processes of sand mold, lost wax, full mold 
and shell molding utilize disposable molds (they are performed once). The permanent 
molds are usually constructed in metal or graphite and allow the realization of several 
leaks (Ramaprasad and Srinivas 2012). 
In the casting processes, it is necessary to create means to optimize the energy 
system to reduce cost and environment impacts. Energy savings can be made in two 
distinct but interconnected ways: directly with less fuel use, and indirectly, with lower 
consumption of raw material (Salonitis, Zeng, et al. 2016).  
Sand modeling is responsible for 70% of total castings performed in the world 
(Srinivasan et al. 2018). In this process, the mold is prepared with refractory material 
and it has a cavity with the desired final shape. The liquid metal is injected into the 
mold cavity, where it will solidify and form the part of interest. After cooling, the sand 
is removed and the final product is obtained (Kalpakjian 2013). Millions of tons of 
residual sand are generated in worldwide and this kind of product has a critical 
environmental impact (Singh and Siddique 2012). The correct destination of the 
residual sand is relevant for sustainability, since it is considered a hazardous waste 
(Yazoghli-Marzouk et al. 2014). 
2.2.3 Electrostatic painting 
According to the ISO 4618 standard, ink is a liquid or powder product which when 
applied to a substrate, forms an opaque film with decorative or particular protective 
characteristics. In its composition, there can be four groups of raw material: solvent, 
resin, pigments and additives, which can be chosen according to the environment that 
the piece will act and the material of this. Once the paint has been chosen, the form of 
application that can be with the brush, roller, air gun or electrostatic spray gun must be 
chosen. 
The electrostatic painting has applications in several areas such as physics, 
chemistry, metallurgy and biology (Searson et al. 1999), being in the mechanical area 
one of the most economical forms due to the use of the paint. In this type of paint, duly 
prepared for its viscosity and other specifications, it is electrified in the pistol and 
projected in the part that is loaded with opposite load, in this way being attracted to the 
piece avoiding wastes (Bastos 2008). 
2.2.4 Welding process  
According to Kou (2003, p. 3) the “fusion welding is a joining process that uses fusion 
of the base metal to make the weld”. For this author, the three main kinds of fusion 
welding process are: “gas welding, arc welding and high-energy beam welding” and in 
the case of the arc welding, the most used process are: “shielded metal arc welding 
(SMAW), gas–tungsten arc welding (GTAW), plasma arc welding (PAW), gas–metal 
arc welding (GMAW), flux-cored arc welding (FCAW) [and] submerged arc welding 
(SAW)”. 
On the other hand, in a study carried out by the American Welding Society 
(Villaume 1979), more than 80 welding processes were identified, each of them having 
their own metallurgical and operational characteristics at the same time as they can 
represent potential risks for the health and safety of the welders. In this way, welders are 
not a uniform group, as these processes are operationalized under different 
circumstances (Antonini 2003). 
According to Vimal et al. (2015), welding is a process with high possibilities of 
environmental damages, since it uses much energy in its operation. The fast 
manufacturing sector growth, especially in emerging countries, has generated global 
problems, such as high rates of natural resources use and greenhouse gas emissions 
(Sangwan 2011). Once in production activities welding is considered as the most 
important joining process, especially in steel constructions, (Chang et al., 2015), this 
issue becomes of special interest because of the impact it can generate in the 
environment and the health of workers. 
2.2.5 Heat Treatment process 
Heat treatment is a process in which a metal or alloy is exposed to heat over a 
determined period of time and then cooled in order to obtain the desired conditions or 
properties. Thus, heating as the sole end to hot work, as in forging, does not fit into this 
process (Dossett and Boyer 2005; Subject Guide Heat Treating 2015). 
Among the applications of this process are the homogenization of molten metal 
alloys, the improvement of hot workability of the material, softening or hardening of 
metals, alteration of the workpiece microstructure and chemical alteration of surfaces 
(Subject Guide Heat Treating 2015). 
 Depending on the goal sought when performing this procedure, it gives rise to 
several processes, such as tempering, annealing, aging and stress relief. All of the 
different heat treatment processes consist of the following steps: 1) heating the material, 
2) maintaining the temperature reached, 3) cooling at a controlled rate (Alberg 2003; 
Callister and Rethwisch 2009). 
3. Methodological Procedure 
The methodological procedure used to perform this research was a systematic literature 
review. According to Xavier et al. (2017) and Denyer and Tranfield (2009), in this 
methodology, researches regarding an issue are gathered, the contribution of them to the 
field are analysed, their data are compiled, and conclusions regarding the obtained 
results are drawn. For Leal et al. (2019), this methodology primarily aims to contribute 
to the literature by providing an overview of the state of art about an specific thematic 
and recognize gaps in the literature regarding this subject. Denyer and Tranfield (2009, 
p. 672) highlight that a systematic literature review must present a “replicable, 
scientific, and transparent approach”, in order to reduce research bias. Hence, the 
establishment of a structured procedure is important to properly conduct a systematic 
literature review. This study uses a method based on Xavier et al. (2017), presented 
below. 
In this method, there are five steps to be followed: the identification of the 
research question, the definition of the procedure to perform the search, the selection of 
material to be used and the gathering of data from the material, data analysis and 
systematization, and results presentation and implications. The research question should 
be carefully elaborated in order to properly define the research’s scope. In this research, 
the research question addressed was: “When focused the processes of metal forming, 
casting, electrostatic painting, heat treatment and welding, what are the main sustainable 
practices performed?”. With this question, the authors delimited the scope of the study, 
in order to address a gap in the literature, since it was not found researches with similar 
objective. The second step is important to ensure the reliability and replicability of the 
research. In this step, the keywords as well as the databases used to conduct the search 
should be defined. The keywords used in this study were combinations of the terms: 
“sustainable manufacturing”, “sustainable practices” “sustainability”, “metal forming”, 
“casting”, “electrostatic painting”, “heat treatment”, and “welding”. Databases 
consulted were: Science Direct, Taylor and Francis, Emerald Insight, and Springer. 
Books were also used in this research and, when they provided an important 
contribution, theses were also used. In the third step, the material collected will be 
evaluated for researchers to decide whether these materials really fit their study. If 
materials used are articles, titles and abstracts should be used to perform this step. After 
this analysis, 70 references were used to elaborate the Tables from the results. Graphic 1 
presents the publication years of these references. Through this graphic, it is possible to 
verify that the number of publications has been growing. The years 2014 and 2015 were 
presented the highest number of publications. Although sustainable manufacturing is 
not a new subject, the debates in the literature on this topic are growing and the year of 
publication of the 17 SDGs (2015) matches the phase in which there were more 
publications from the analysis, showing the contemporaneity of these two thematic.   
 
 
Graphic 1. Publications years. Source: Authors. 
 
 
The fourth step is data analysis and systematization, performed in order to 
provide new knowledge from the information of previous studies. In this research, the 
sustainable practices of the analyzed processes are mapped and systematized in tables 
divided by processes kind, providing resources for manufacturing processes 
improvements towards sustainable development. The fifth step is basically characterized 
by the research dissemination, which is performed, in this case, by this article 
publication. The next section presents the results of this research. 
 
4. Results and Discussions 
This section is dedicated to present the results and the associated debates. Through 
systematic reviews of the literature, it was possible to structure Tables 1, 2, 3, 4 and 5 
that synthesize the sustainable practices of each process. The first analysis performed is 
regarding sustainable practices of metal forming process, Table 1 presents the practices 

























Table 1. Sustainable practices in metal forming process according to the literature 
(Source: vide table). 
Practices References 
Techniques for lubricants selection and 
option to use ecological lubricants 
(Wang 2004; Bay et al. 2005; Ingarao et al. 
2011) 
Incremental metal forming aiming the 
sustainability (Ingarao et al. 2012; Cooper et al. 2017) 
Use of blank customized (Kleiner et al. 2003; Ingarao et al. 2011; Merklein et al. 2014; Han et al. 2018) 
Hydraulic metal forming (Cooper et al. 2017) 
Prolonging the use of matrix in metal 
forming process 
(Walczyk and Hardt 1998; Haas et al. 
2002; Cooper et al. 2017) 
Reuse of discarded materials in the 
process (Cooper et al. 2017) 
Servo press technology (Osakada et al. 2011) 
Innovation in matrices and blanks formats 
(Shi et al. 2004; Parsa and Pournia 2007; 
Azaouzi et al. 2011; Silva and Valente 
2012; Cooper et al. 2017) 
 
 
One important aspect to be considered when study the sustainability in the metal 
forming process is the environmental impact of the lubricants used. Ingarao et al. (2011) 
argues that the lubricants used in the metal forming process should be selected 
considering aspects related to waste and cleaning. For Wang (2004), the use of volatile 
lubricants contributes to the reduction of the environmental impacts. It is important to 
note that the cost of lubricants in metal forming processes has traditionally been low. 
Therefore, this is a practice that can be easily adopted by any company. 
The incremental metal forming is method that allows the molding of complex 
parts without the use of dedicated fixation systems, having a lower material expense, 
cost and process time, thus contributing to sustainability (Ingarao et al. 2012).  
The use of blanks customized also contributes to sustainability, since they 
enable optimization of subsequent conformation processes (Merklein et al. 2014). The 
use of these methods allows to obtain semi-finished products and optimize the weight 
and load distribution of the components (Kleiner et al. 2003). In this way, there is a 
reduction of the waste and, in addition to material savings, the parts with smaller 
weights will have a lower cost of transportation and use leading to environmental gains 
(Ingarao et al. 2011). 
The hydraulic metal forming is a process where a fluid is pressurized, shaping 
the metal against the matrix. The process stands out by allowing the conformation of 
several components, with different configurations, simultaneously. Using an 
arrangement with several molds and blanks, it is possible to be more efficient in terms 
of energy and productivity (Cooper et al. 2017). 
For the manufacturing of small numbers of parts, the impact of the metal 
forming matrix in the environmental context is high, according to Cooper et al. (2017). 
The cost of the material and energy to produce the matrix is high, especially when it is 
considered the amount of parts produced, causing more environmental impact. To 
diminish the environmental negative impact, it is necessary to prolong the use of the 
matrix. An attractive method to surpass this challenge is the use of reconfigurable 
matrices (Haas et al. 2002). 
During the manufacturing of the great among of parts, the material leftovers 
assume a prominent position considering environmental impacts (Cooper et al. 2017). 
This happens mainly during the process of blank cutting, where there are materials 
discarded. In this way, the material leftovers can be utilized to form smaller pieces, 
contributing to the sustainability.   
In metal forming processes, the press efficiency depends of the energy 
maximization at the points of greatest need. Conventional presses use bigger motors and 
consequently consume more energy. Servo press technology allow a better control of 
the energy used generating a more efficient process (Osakada et al. 2011). 
Another point to emphasize in the servo press technology is the able of the servo 
motor to recover energy throughout deceleration. It can be stored in independents 
wheels and be reused in the following blows, contributing to energy efficiency 
(Osakada et al. 2011).  
Faced the points present above, it is possible to note that innovation in metal 
forming matrices and blanks can contributed to the sustainable manufacturing (Cooper 
et al. 2017). The ideal blank geometry improves conformability, quality and also 
reduces material losses, which contributes to sustainable aspects (Azaouzi et al. 2011).  
Table 2 presents the sustainable practices cited by the literature regarding to 
casting process. The explanation of these practices is presented following.  
 
Table 2. Sustainable practices in casing process according to the literature (Source: vide 
table) 
Practices References 
Quality control of the raw material (Lazzarin and Noro 2015; Salonitis, Jolly, et al. 2016)  
Studies to revise the environmental performance 
of the furnaces used to melt the material 
(Matsuura and Fruehan 2009; Kipepe 
and Pan 2015; Lazzarin and Noro 
2015; Salonitis, Jolly, et al. 2016) 
Use of numerical programs to predict leakage 
behavior, generating more optimized 
production, lower energy loss, lower material 
loss and higher quality of the final product, 
themes totally related to environmental aspects 
(Pagone et al. 2016) 
Use of differentiated casting processes 
(Hasanbeigi et al. 2014; Zeng et al. 
2014; Salonitis, Jolly, et al. 2016; 
Salonitis, Zeng, et al. 2016; Salonitis 
et al. 2017) 
Recycling of waste generated by casting 
process, such as casting sand 
(Singh and Siddique 2012; Yazoghli-
Marzouk et al. 2014; Arulrajah et al. 
2017; Bhardwaj and Kumar 2017) 
 
 
The first practice to be implemented in casing process aiming improvements on 
sustainability performance of the casting process is the analysis of the raw materials. 
The use of high-quality raw material reduces the waste of metal by oxidation and 
reduces the energy consumed. By reducing oxidation, it is also possible to increase the 
melt speed (Salonitis, Zeng, et al. 2016) and reduce the total process time (Lazzarin and 
Noro 2015). 
The process of metal melting consumes 30% of the energy used in casting 
process (Salonitis, Zeng, et al. 2016). Thus, many improvement opportunities related to 
cleaner production can be identified, e.g. optimizing of the energy consumption in this 
phase can reduce the environmental impact. The design of furnaces with appropriate 
size can prevent considerable waste (Salonitis, Zeng, et al. 2016). The use of the 
ceramics’ lids and minimization the opening of the furnace lid are characterized as good 
practices (Lazzarin and Noro 2015). In comparison to other types of furnaces, the 
induction furnace is more efficient (Salonitis, Zeng, et al. 2016). It is possible to 
observe that many companies still use obsolete furnaces with low energy efficiency and 
can be considered an opportunity for improvements. 
The use of computer numerical programs makes possible to predict the behavior 
of the fluid in the leak, thus generating optimized conditions. If conditions are 
optimized, less material and less energy are consumed, providing environmental gains 
(Pagone et al. 2016).  
The use of different casting processes also can be presented as sustainable 
alternatives. There are many processes in the literature, but two weel-known processes 
are cited here: CRIMSON and COREX. The use of the CRIMSON process results in 
better casting quality, while increase productivity with less investment (Salonitis, Zeng, 
et al. 2016). COREX process also allows the production with less expense and in a 
sustainable way (Hasanbeigi et al. 2014).  
At last, it worth to highlight the recycling of waste generated by the casting 
process. Some types of castings process use sand in the molding phase (Arulrajah et al. 
2017). If correctly recycled, the sand can be used in the concrete production as an 
alternative to the use of the natural sand, leading to environmental gains (Singh and 
Siddique 2012; Bhardwaj and Kumar 2017). In addition, the recycled sand can be 
widely used in civil engineering applications, such as construction of roads, constriction 
of barrier, fabrication of brick blocks, and others (Yazoghli-Marzouk et al. 2014; 
Bhardwaj and Kumar 2017). These applications are directly associated with the life 
cycle analysis of casting processes and meet the concepts of reuse of production process 
waste disseminated by Cleaner Production.   
Table 3 presents the sustainable practices cited by the literature regarding to 
electrostatic painting. The explanation of these practices is presented following. 
 
Table 3. Sustainable practices in electrostatic painting process according to the literature 
(Source: vide table) 
Practices References 
Use capacitors to correct the power factor of 
the equipment (Choi et al. 2015) 
Add catalysts to the ink to facilitate 
atomization and energization (Sowinski and Mehrani 2015) 
Use paints that have been produced with 
waste from other processes (Pavlovich et al. 2004) 
Use equipment such as ionized air to remove 
any remaining particles in the air or to clean 
the part 
(Yosri 2018) 
Equipment with hydrodynamic application 
systems. (Kluczek 2014) 
Reuse water from pre-treatments or cooling 
systems after curing the paint 
(Kellens et al. 2015; Boer and Blaga 
2016) 
If painting is done with liquid paint, use 
water as a solvent 
(Wang and Chen 1993; Bjørg et al. 
2004) 
Better use of heat from the oven (Roberts and Roberts 1976) 
Environmental filtering and / or ventilation 
systems (Blomqvist et al. 2005; Kluczek 2014) 
 
 
The first sustainable practice from Table 3 refers to the equipment used in 
electrostatic painting, which consumes inductive power with high voltage. Thus, to 
reduce consumption, capacitors are inserted into the system as a way to increase the 
power factor and reduce the total electric consumption, generating sustainable gains to 
the process (Choi et al. 2015). 
The following practice is related to the composition of the paint aiming for 
greater ease during its application in the piece. For this, most pressurized nitrogen is 
injected, which allows more energization and better coverage, thus reducing waste 
(Sowinski and Mehrani 2015). 
Regarding the ink used, it is possible to think of the R's policy, with the R to 
recycle using waste from other processes for manufacturing the same. Pavlovich et al. 
(2004) portrays in his work the use of coke processing residues and coal industries in 
the production of anticorrosive paints and varnishes with a durability of 2 to 3 times 
longer than conventional inks. In this sense, there are many possibilities in the 
development of new ink formulas to enable greater environmental gains.   
Considering the existence of remaining particles on the material, it is 
recommended to apply methods to remove them and make the air cleaner, thus 
enhancing the quality of the work environment (Yosri 2018) propose the use of ionized 
air in the electrostatic painting both for the removal of said particles and for the cleaning 
of the part. According to this author, improving the quality of the air reduces the 
possibilities of occupational diseases, meeting the requirements mentioned by OHSAS 
18001 and ISO 45001 (BSI 2007; ISO 2018). 
The fifth practice relates to processes that use liquid paint. Kluczek (2014) 
advises the use of airless hydrodynamic applicators so that the consumption of the cover 
material is lower, since in conventional gun application the high-pressure mixture mixes 
with air currents and proportional greater wastage. This type of applicator also allows 
the use of more sustainable paints. 
In relation to the process, one can think of the "R" of reusing the process water. 
Water is characterized as a very important component from the pretreatment of the part 
to the cooling. (Kellens et al. 2015) advise to implement a system reuse of process 
water, aiming at lower consumption of this resource. (Boer and Blaga 2016), in their 
study, present a plant that allows the use of a system to treat water with waste 
efficiently, thus generating less environmental impacts. 
Regarding the composition of liquid paints, another much debated topic is 
related to the use of solvents. Solvents, in general, generate a large environmental 
passive. Wang and Chen (1993) and Bjørg et al. (2004) advocate the use of water as a 
solvent instead of organic solvents, because although it is more volatile and depends on 
environmental conditions, the latter emits volatile organic components (VOC) that can 
cause serious problems for operators. 
Also, in relation to the electrostatic painting process, practices can be applied to 
reuse the heat generated, achieving greater energy efficiency. Roberts and Roberts 
(1976) suggests heating the furnace from the heat flux generated in some other reaction, 
thereby reducing energy consumption and improving environmental performance. 
The last practice refers to the use of filters that make it possible to collect as 
much particles as possible and thus improve air quality in the work area. Once again, 
this practice meets ISO 45001 and OHSAS 18001 (BSI 2007; ISO 2018). Kluczek 
(2014) presents in his work a filtration system that allowed the reuse of the captured 
particles, generating sustainable gains. Blomqvist et al. (2005), in addition, propose a 
ventilation system in the application so that air is renewed, and organic particulates are 
not inhaled by the operators. 
Table 4 presents the sustainable practices cited by the literature regarding to 
electric welding process. The explanation of these practices is presented following.  
 
Table 4. Sustainable practices in electric welding process according to the literature 
(Source: vide table). 
Practices References 
Application of protective measures to reduce 
the impact on operator health (Antonini 2003) 
Implementation of methodologies that seek the 
analysis of environmental impacts 
(Seliger 2007; Mittal and Sangwan 
2014; Chang et al. 2015) 
Use of automated processes for welding (Seliger 2007; Mittal and Sangwan 
2014; Liu et al. 2014) 
Use of welding wires that reduce the rate of 
smoke generation (coated with nano-alumina 
or similar technology) 
(Sivapirakasam et al. 2015) 
Critical analysis regarding the possibilities of 
replacing the current welding process with 
another one with better sustainable 
performance 
(Gialos et al. 2018) 
 
Control and minimization of energy 
consumption in the welding process (Sharma et al. 2015) 
 
 
In Table 4, the first practice listed is related to employees. There are researches 
showing the relationship between welders work some type of diseases. Therefore, a 
greater attention is needed to several factors. Antonini (2003) cites some factors that 
may be detrimental to operators' health, such as exposure to high temperatures, presence 
of smoke in the operator's breathing zone, exposure to high noise, exposure to radiation 
and inhalation of nano particles and / or chemical gases, among others. In this sense, it 
is important to highlight the social aspect of sustainability, related to better operators' 
quality of life.    
The use of management tools such as the Life Cycle Assessment can be very 
useful in a sustainability perspective by indicating the impact processes such as welding 
can have on the environment and society. When compared with other automatic welding 
processes, for example, the manual welding process consumes a greater amount of 
resources and energy, as well as posing a much greater potential risk to welders' health 
(Chang et al. 2015). 
In the same line of reasoning described in the previous paragraph, it is noticed 
that the automatic machines are programmed to always weld in the correct size and 
length, reducing the energy consumption and increasing the productivity. Manual 
welding, in turn, can lead to larger welds, generating waste in terms of time and 
resources. Moreover, as already mentioned, manual welding involves several risks to 
the operator's health (Seliger 2007). 
Gas reduction in the welding process is a practice that has contributed to the 
operator's health and to minimizing environmental impacts (Sivapirakasam et al. 2015) 
cite a new method for reducing welding fumes at source. This method involves 
immersing a solder wire prior to its flow coating into a solution containing aluminum 
isopropoxide to obtain a thin film, that reduce the smoke concentration by up to 62%, 
contributing to environment aspects. 
To improve performance in terms of welding process sustainability, Gialos et al. 
(2018) recommends that the processes be always compared to the four criteria: a) 
weight and geometry of the part, b) processing time or solder application, c) cost, and d) 
gas emissions. It can be noted that the recommendations of Gialos et al. (2018) are in 
accordance with the concept of Triple Bottom Line. 
Finally, we highlight the study of Sharma et al. (2015) that advocates regarding 
the control and minimization of the use of energy in the welding process. For the 
aforementioned author, minimizing energy consumption is part of the so-called 
Environmentally Conscious Manufacturing and can greatly contribute to sustainability. 
Table 5 presents the sustainable practices cited by the literature regarding to heat 
treatment process. The explanation of these practices is presented following.  
 
Table 5. Sustainable practices in heat treatment process according to the literature 
(Source: vide table) 
Practices References 
Mapping of energy consumption in the 
heat treatment process (Källén 2012; Berg 2014) 
Measures such as the use of economical 
light bulbs, the insulation of the main oven 
doors, leakage checking in the compressed 
air system, dampers in the preheating 
furnace, equipment shutdown during 
weekends, among others 
(Källén 2012) 
Use of method for heat recovery (Mehta 2011; Källén 2012; Berg 2014; Schönfelder et al. 2016; Diop et al. 2017) 
Simulation tools or software to increase 
process efficiency 
(Alberg 2003; Yang et al. 2007; 
Elmabrouk and Wu 2012; Lenz and Pfeifer 
2013; Mendikoa et al. 2013; Steinboeck et 
al. 2013; Bobkov et al. 2015; Velichkin 
and Zavyalov 2018; Baykasoğlu and 
Ozsoydan 2018) 
Laser-assisted thermal treatment making 
sustainable gains possible 
(Haake and Zediker 2005; Bonss et al. 
2009; Balasubramanian et al. 2014) 
Control of the composition of the heating 
atmosphere in the case of natural gas-fired 
ovens 
(Stupnišek 2010; Schmitz et al. 2017) 
Use of organic oils for tempering and 
correct disposal 
(Dean and Sahay 2008; de Souza et al. 
2009) 
Accident prevention measures in case of 
exposure to toxic gases such as ammonia 
or monoxide 
(Stanescu and Stratton 2006; Safety in heat 
treatment 2013) 
Preventive measures against fires or 
explosions caused by ovens, used gases or 
by quenching oil 






According to the first practice mentioned in Table 5, energy consumption should 
be an object of analysis for sustainability purposes. Given the large amount of energy 
that the heat treatment process uses, the reduction of this resource and the minimization 
of carbon dioxide emissions become essential (Berg 2014). According Källén (2012), 
mapping manufacturing processes that consume more energy can contribute greatly to 
reducing environmental impacts. According to a study carried out by the same author, 
7.7% of the electricity used in a large industrial heat treatment plant can be saved per 
year if some measures are taken. Investments such as using more economical light 
bulbs, insulating furnace doors, turning off equipment during weekends, and others 
have proved profitable and also contribute to the goals of cleaner production. 
Residual heat recovery is also characterized as an important practice for 
increasing the energy efficiency of a furnace. Energy from gases at high temperatures, 
which can reach 65% of the total input energy, can be used in other stages, such as 
preheating aluminum billets or even replacing natural gas as an energy source (Mehta 
2011; Berg 2014; Diop et al. 2017). 
One way of reducing cost and time in the development of products related to 
heat treatment processes and, consequently, contributing to sustainability is 
characterized using simulation tools. Simulation tools can be characterized as an 
important ally in the search for sustainability. This technology allows to obtain a 
prediction of the properties and final form of the component submitted to the process, 
generating more control and less waste of time and resources (Alberg 2003). 
Bonss et al. (2009, p. 219) mention that “Laser surface hardening is a heat 
treatment process for steel and grey cast iron”. In this process, there is no use of water 
or oil as a cooling media, since the method is extinguishable on its own, since the heat 
flow is directed to the rest of the cold material. Laser hardening has some advantages, 
for example, the absence of heating time as in conventional furnaces, high energy 
efficiency of the light beam, since the energy is released directly into the steel with no 
losses in the exhaust gases. Another factor is that, unlike conventional ovens that must 
be kept at high temperatures during shutdowns, the laser's ignition energy is close to 
zero. All this leads to a high energy efficiency and, consequently, lower environmental 
impact (Balasubramanian et al. 2014). 
In the heat treatment, during heating of parts inside the furnace, different types 
of gaseous atmospheres are used in order to protect them from oxidation. These 
atmospheres, however, emit compounds harmful to the environment such as carbon 
dioxide and oxides of nitrogen, aggravated when there is no complete burning of the 
gas. Thus, measures to control the composition of this atmosphere or even the use of 
inert gases are practices already applied for a more sustainable production (Stupnišek 
2010; Schmitz et al. 2017).  
According to Dean and Sahay (2008, p. 1), “petroleum-based mineral oil is a 
commonly used quenching media for heat treatment”, since it offers a moderate cooling 
rate, reducing the distortions of the parts subjected to the process. However, this oil is 
linked to various environmental, health and safety problems such as the inhalation of 
smoke generated, emission of greenhouse gases, fire risks, oil spills and contamination 
of the groundwater. Therefore, the use of mineral oil for this purpose is being 
discouraged and sustainable alternatives have been developed, such as vegetable oils 
based on canola, soybean, starch, sunflower seed, corn, among others, or even synthetic 
organic polymers (Dean and Sahay 2008; de Souza et al. 2009). In this sense, the 
authors of this article point out that there are many possibilities for research in this area.  
All manufacturing processes have associated risks, however in thermal treatment 
facilities the existing hazards may be greater. (Stanescu and Stratton 2006; Safety in 
heat treatment 2013) cite some of these risks: 
a) Exposure to toxic gases such as ammonia and carbon monoxide is quite 
dangerous with the potential to kill. Measures for evacuation of the 
exposed area and disposal of the contaminant are very important in cases 
of leakage. 
b) Contact with high temperature objects or surfaces or even with flames 
can be prevented with the proper use of personal protective equipment. 
c) Fires or explosions can easily be generated in installations of this type, so 
fire-fighting systems are indispensable. 
In short, accidents can always be avoided with the cooperation and awareness of 
all using properly the protective equipment and following the existing procedures in the 
factory. 
In general, when analyzing all the practices mentioned above, it can be observed 
that there is a great emphasis on reducing energy consumption or reducing inputs. 
However, there are many other possibilities for processes to gain even more from 
sustainability perspective (Ingarao et al. 2015), especially considering the concepts of 
Cleaner Production and Industrial Ecology. 
This opens up many possibilities for research and development, both in the 
technical aspect of manufacturing engineering related to each of the processes and in 
relation to production management aspects. Among the managerial aspects, we 
highlight, for example, the development of methods to facilitate the measurement of 
return on investments related to the adoption of sustainable practices in manufacturing 
processes, also considering externalities. This would provide less uncertainty for 
entrepreneurs and could boost investments in sustainable manufacturing. The authors of 
this article also believe that government actions could greatly contribute to stimulating 
the adoption of sustainable practices in industrial processes. 
5. Conclusions 
The main objective of this research was to list sustainable practices in the processes of 
metal forming, casting, electrostatic painting, heat treatment and welding. Observing the 
results found, it is possible to affirm that the objective was reached. We emphasize 
again that the manufacturing processes mentioned are few explored by literature 
regarding to sustainable aspects. More emphasis is designated to de machining 
processes when considered sustainable practices. The listing of practices presented in 
Section 4 can contribute to future academic researches and help professionals of 
companies to improve manufacturing processes. 
Many practices are possible to be applied in each process, as demonstrated, but 
in most of them issues related to the better use of materials and energy efficiency are 
highlighted. In fact, the aspects mentioned are highlighted as important metrics to be 
achieved in sustainable manufacturing according to Ingarao et al. (2015).  
The main limitation of this research is the fact that it was done based on 
information from articles available in some scientific databases. The use of other 
articles available in different bases may lead to the identification of other sustainable 
practices. It should be emphasized, however, that this limitation does not detract the 
quality of the results presented. The authors of this article understand that sustainability 
practices in processes of metal forming, casting, heat treatment, welding and 
electrostatic painting is a theme few explored and deserve greater attention of the 
academic community. The exploratory results present here are an important way to 
widen the debate. 
Finally, as a proposition of future study, we suggest to use the mentioned 
sustainable practices to carry out a survey with professionals that work in 
manufacturing companies, in order to identify how much they are applied in the 
manufacturing context.   
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